Euteleost fishes seem to have more copies of many genes than their tetrapod relatives. Three different mechanisms could explain the origin of these 'extra' fish genes. The duplicates may have been produced during a fishspecific genome duplication event. A second explanation is an increased rate of independent gene duplications in fish. A third possibility is that after gene or genome duplication events in the common ancestor of fish and tetrapods, the latter lost more genes. These three hypotheses have been tested by phylogenetic tree reconstruction. Phylogenetic analyses of sequences from human, mouse, chicken, frog (Xenopus laevis), zebrafish (Danio rerio) and pufferfish (Takifugu rubripes) suggest that ray-finned fishes are likely to have undergone a whole genome duplication event between 200 and 450 million years ago. We also comment here on the evolutionary consequences of this ancient genome duplication.
Introduction
Several authors have presupposed that major evolutionary transitions in biology have required the genetic raw material provided by gene, chromosome, and/or entire genome duplications (Ohno, 1970; Sidow, 1996; Spring, 1997; Holland, 1999; Lundin, 1999; Patel and Prince, 2000) . Already about 30 years ago, Ohno (1970) presented comparative data on genome size and chromosome numbers to support his hypothesis that one or more genome duplications occurred during the evolution of vertebrates and made their diversification possible. Ohno hypothesized that big leaps in evolution -such as the transition from an invertebrate to a vertebrate -required the creation of new gene loci with previously non-existent functions and emphasized genome duplication via tetraploidy as the mechanism for the production of such new genes. Gene number comparisons do provide support for large-scale gene or genome duplication events in the vertebrate lineage. Spring (1997) uncovered an average of three homologous genes in humans for each of 52 genes of Drosophila and proposed that the additional human genes were produced during two rounds of entire genome duplications. However, Spring's hypothesis, later referred to as the 'one-tofour rule' (Ohno, 1999) , or the '2R' hypothesis (Hughes, 1999) remains controversial (Hughes, 1999; Wang and Gu, 2000; Hughes et al., 2001 ; other chapters in this issue).
Recently, an additional genome duplication event has been proposed in ray-finned fishes (Amores et al., 1998; Wittbrodt et al., 1998) . The first indications for a fish-specific genome duplication came from studies based on Hox genes and Hox clusters. Hox genes encode DNA-binding proteins that specify cell fate along the anterior-posterior axis of bilaterian animal embryos and occur in one or more clusters of up to 13 genes per cluster (Gehring, 1998) . It is thought that the ancestral Hox gene cluster arose from a single gene by a number of tandem duplications. Protostome invertebrates and the deuterostome cephalochordate Amphioxus possess a single Hox cluster, whereas Sarcopterygia, a monophyletic group including lobe-finned fish, such as the coelacanth and lungfishes, amphibians, reptiles, birds, and mammals, have four clusters (Holland and Garcia-Fernandez, 1996; Holland, 1997) . This finding has been regarded as important support for the '2R' hypothesis of two rounds of entire genome duplications early in vertebrate evolution. Recently, extra Hox gene clusters discovered in the zebrafish (Danio rerio), medaka (Oryzias latipes), the African cichlid (Oreochromis niloticus) and the pufferfish (Takifugu rubripes) suggest an additional genome duplication in ray-finned fishes (Actinopterygii) before the divergence of most teleost species (Amores et al., 1998; Wittbrodt et al., 1998; Meyer and Schartl, 1999; Naruse et al., 2000; Málaga-Trillo and Meyer, 2001; A. Amores, personal communication) . In the meantime, comparative genomic studies have turned up many more genes and gene clusters for which two copies exist in fishes but only one copy in other vertebrates (e.g., Postlethwait et al., 2000; Robinson-Rechavi et al., 2001; Taylor et al., 2001a; Van de Peer et al., 2001; Woods et al., 2001) . The observations that different paralogous pairs originate at about the same time (Taylor et al., 2001a) , that they are found on different linkage groups, and that they show synteny with other duplicated genes (Gates et al., 1999; Postlethwait et al., 2000; Woods et al., 2000) support the hypothesis that these genes arose through a complete genome duplication event (Fig. 1a) . On the other hand, several well-supported trees show one of the fish genes as the sister sequence to a monophyletic clade that included the second fish gene and genes from frog, chicken, mouse, and human (Taylor et al., 2001a; Robinson-Rechavi et al., 2001a) . These so-called 'outgroup' topologies ( Fig. 1d ) might suggest that the origin of many fish duplicates predates the divergence of the Sarcopterygii and Actinopterygii and that tetrapods lost duplicates retained in fish (Fig. 1c) . Robinson-Rechavi et al. (2001a argued that an ancestral whole-genome duplication event was not responsible for the abundance of duplicated fish genes. They counted orthologous genes in fish and mouse and, where extra genes were found in fish, compared the number of gene duplications occurring in a single fish lineage with that shared by more than one lineage. Most mouse genes surveyed were also found as single copies in fish. Duplicated fish genes were detected, but most were interpreted as the products of lineage-specific duplication events in fish and not as an ancient duplication event (Fig. 1b) . Here, we provide further evidence for the ancient fish-specific genome duplication based on phylogenetic inference, including sequences from multiple fish lineages.
Material and methods

Sequence alignments
Homologous sequences were collected and aligned as described before (Taylor et al., 2001a) . In short, protein sequences were collected using BLASTp (Altschul et al., 1997) and aligned with CLUSTALX (Thompson et al., 1997) . Sequence alignments were edited with BioEdit (Hall, 1999) and only unambiguously aligned regions were retained for further analysis. For this study, our aim was to collect homologous sets of genes that contained sequences from at least two different fish species. In most cases, genes from either zebrafish or pufferfish (Takifugu rubripes) were collected. Sequence alignments and additional data and information on sequence retrieval and analysis can be found in the Wanda database on duplicated fish genes ( Van de Peer et al., 2002a ; http://www.evolutionsbiologie.uni-konstanz.de/Wanda/).
Phylogenetic tree construction
In general, phylogenetic trees were constructed by neighbor-joining (Saitou and Nei, 1987 ) based on Poisson-corrected distances, as implemented in TREECON ( Van de Peer and De Wachter, 1994) . Recently, we developed a software tool called ASaturA to detect and consider saturation in amino acid sequences (Van de Peer et al., 2002b) . When saturation is observed, evolutionary distances between sequences can be computed from the fraction of unsaturated sites only and evolutionary trees inferred by pairwise distance methods (for details, see Van de Peer et al., 2002b) .
Results and discussion
Tree topologies support an ancient fish-specific genome duplication
Previously, we have shown that third-codon positions were saturated for most zebrafish paralogs (Taylor et al., 2001a; Van de Peer et al., 2001) . Together with the observation that duplicated genes were found on different linkage groups, the most parsimonious Figure 1 . Different scenarios -and expected inferred tree topologies -to explain the presence of more genes in fish. (a) Duplicated fish genes are the result of a gene/genome duplication that preceded the divergence of zebrafish and pufferfish. (b) Duplicated genes are formed by independent gene duplications. The topology shown in d) is expected to be inferred when genes produced during a duplication event in the ancestor of Actinopterygii plus Sarcopterygii (shown in c) have been secondarily lost in the sarcopterygian lineage after the split of these two major lineages of jawed vertebrates. On the other hand, the tree topology shown in (d) might be an artifact in tree construction due to differences in evolutionary rates in the different duplicates (Taylor and Brinkmann, 2001) or due to saturation (Van de Peer et al., 2002b) , which often makes it difficult to infer the exact branching order for deeper regions in the tree as indicated by the gray border. explanation is that all these 'old' paralogs originated by an ancient genome duplication, somewhere between 300 and 450 million years ago (Taylor et al., 2001a) . Because major teleost lineages are believed to have arisen between approximately 100 and 200 million years ago (Carroll, 1997; Lydeard and Roe, 1997) , the working hypothesis was to assume that the genome duplication occurred in the ancestor of most (if not all) ray-finned fish. To find additional evidence, we compiled many vertebrate data sets, including the zebrafish genes described previously (Taylor et al., 2001a) and, when available, their pufferfish homologs. The almost complete pufferfish genome sequence has been made available recently (http:// www.jgi.doe.gov/) and pufferfish orthologs could indeed be found for most of the zebrafish genes. Zebrafish and pufferfish both belong to the Euteleostei (a Subdivision of the Superorder Teleostei), together with at least 22,000 others species and are rather distantly related among Euteleost fish. Zebrafish and pufferfish are estimated to have diverged approximately 150 million years ago (Nelson, 1994) . Figure 2 shows some of the inferred tree topologies, including duplicated genes from both zebrafish and pufferfish. In general, the trees shown (and deposited in the Wanda database) are Poisson-corrected distance trees taking into account all sites of the alignment. However, in some cases, improved tree topologies with higher statistical support could be obtained by removing saturated sites from the sequence alignment. Saturation was detected with ASaturA, a software tool specifically developed for this purpose. AsaturA is a Java-based application that visualizes the amount of saturation in amino acid sequences by graphically displaying the number of observed frequent and rare amino acid replacements between pairs of sequences against their overall evolutionary distance. Discrimination between frequent and rare amino acid replacements is based on substitution probability matrices (e.g., PAM and BLO-SUM). When amino acid sequences showed saturation for a fraction of the sites, evolutionary distances were computed from the fraction of unsaturated sites only (for details, see Van de Peer et al., 2002b) . Figure 2a shows a tree for Reggie, a cell surface protein found in retinal ganglion cells during axon regeneration. For the Reggie gene, also two paralogs from the goldfish Carassius auratus (Schulte et al., 1997) were included. In Figure 2b a tree topology is presented for DLL1, a homolog of the distal-less gene in Drosophila, which is the first genetic signal for limb formation to occur in a developing zygote. The tree topology for FZD8, a family of putative transmembrane receptors homologous to the product of the Drosophila tissue polarity gene frizzled, and that inferred from a sequence alignment of RXRB, the retinoid X receptor ␤ gene, are seen in Figures 2c and  2d , respectively.
As can be observed, all the tree topologies shown, taking into account either all sites (DLL1 and RXRB) or only unsaturated fractions of sites (Reggie and FZD8) are in perfect agreement with an ancient fishspecific genome duplication that occurred before the divergence of zebrafish and pufferfish (see also Fig. 1a) . Many additional trees, including duplicated genes from zebrafish and pufferfish with similar topologies can be found in the Wanda database (Van de Peer et al., 2002a) .
It should also be noted that, in order to test whether two species experienced the same gene or genome duplication, it is not necessary to find two genes in both species. If a gene from one species clusters specifically with one of the two duplicates (i.e. paralogs) of a second species, then this can only be explained by a shared duplication event with a subsequent loss of one of the gene copies in one of the species. Examples are given for the SHH gene (Fig. 2e) , which codes for a signal that is necessary in patterning the early embryo, and for the BMP2 gene, a highly conserved member of the transforming growth factor ␤ gene family (Fig. 2f) . For instance, the BMP2 gene of Takifugu rubripes clusters specifically with one of the BMP2 paralogs of Danio rerio. The second Takifugu BMP2 gene is probably waiting to be discovered or has been secondarily lost.
The evolutionary consequences of an ancient fish-specific genome duplication: Gene duplication, functional divergence of genes, and speciation
If a fish-specific genome duplication had occurred, fish genomes would be expected to contain more genes, at least initially, than the genomes of mammals. In our genome survey, we very often uncovered multiple gene copies in fish for single genes in other vertebrates, but almost never the opposite (see also Wittbrodt et al., 1997 : Robinson-Rechavi et al., 2001a . After at least 200 or more million years of evolution, these duplicated fish genes might be expected to have acquired quite different functions. Ohno's model, which Hughes (1994) first Figure 2 . Selected phylogenies including genes of multiple fish lineages. All tree topologies, including either two or more pairs of duplicated fish genes (topologies a-d) or one pair of duplicated genes plus (a) single additional gene(s) from other fish species (topologies e-f) support an ancient fish-specific genome duplication. Additional trees supporting the fish-specific genome duplication can be found in the Wanda database (Van de Peer et al., 2002a). called the 'mutation during non-functionality' and later the 'mutation during redundancy' model (Hughes, 1999), predicts that, if genes do not get lost, by chance, a series of non-deleterious mutations might render the duplicate gene into a gene with a new function. This model has been widely adopted to explain the evolution of functionally novel genes, but little evidence can be found that new gene functions have evolved this way. Although it might seem unlikely that anciently duplicated genes perform completely redundant functions, redundancy has been shown to be widespread in genomes of higher organisms (Nowak et al., 1997 and references therein; Gibson and Spring, 1998) . Furthermore, many paralogous fish genes seem to have subdivided their functions rather than to have evolved novel functions. Recently, the 'duplication-degeneration-complementation' (DDC) model (Force et al., 1999; Lynch and Force, 2000a) has been introduced to explain why duplicated genes might be retained. This model predicts that the likelihood of preservation is correlated with the number of 'subfunctions' that can be ascribed to a gene. The model starts from the assumption that a gene can perform several different functions, for instance, expression in different tissues and at different times during development, each of which may be controlled by different DNA regulatory elements. If duplicate genes lose different regulatory subfunctions, each affecting different spatial and/or temporal expression patterns, then they must complement each other by jointly retaining the full set of subfunctions that were present in the ancestral gene. Therefore, degenerative mutations facilitate the retention of duplicate functional genes, where both duplicates now perform different but necessary subfunctions. However, as predicted by the DDC model, the sum of the retained duplicates must be equal to the total number of subfunctions performed by the ancestral gene. Gene duplication then allows each daughter gene to specialize for one of the functions of the ancestral genes. Force et al. (1999) showed that this model might generally apply based on the En1 genes in zebrafish. In mouse and chicken, En1 is expressed in the developing pectoral appendage bud and in specific neurons of the hindbrain and spinal cord (Joyner and Martin, 1987; Davis et al., 1991; Gardner and Barald, 1992) . In zebrafish, however, one of the paralogs is expressed in the pectoral appendage bud, while the second paralog is expressed in the hindbrain/spinal cord neurons (Force et al., 1999) .
Possibly, retention of gene duplicates by subfunctionalization applies to many of the anciently duplicated fish genes. Besides En1, differences in the expression pattern of Msx zebrafish paralogs and homologous genes of other vertebrates also suggest subfunctionalization of the zebrafish genes after duplication (Ekker et al., 1997) . Similar conclusions can be drawn for hedgehog genes (Laforest et al., 1998 ), Bmp2 (Martinez-Barbera et al., 1997 , the transcription factors mitfa and mitfb (Mellgren and Johnson, 2002; Altschmied et al., 2002) , cyp19 (Chiang et al., 2001) , GlyRalpha genes (Imboden et al., 2001) , Notch and Pax6 (Lynch and Force, 2000a) . Models such as the DDC model may explain the retention and functional divergence of duplicated genes. However, when paralogs diverge in function mainly through subfunctionalization, functional divergence is probably limited to differences in timing and tissue specificity of expression. Until now, there is little evidence that the fish paralogs have changed functions completely in the course of evolution. Therefore, it is still an open question whether subfunctionalization of many duplicated genes resulting from the fish-specific genome duplication can be responsible for the large number of fish species and their tremendous morphological diversity, as suggested previously (Amores et al., 1998; Wittbrodt et al., 1998; Meyer and Schartl, 1999) .
However, another phenomenon could explain the abundance of fish species we observe. Recently, a model called 'divergent resolution' has been proposed (Lynch and Conery, 2000; Lynch and Force, 2000a) , in which the loss or silencing of duplicated genes might be more important to the evolution of species diversity than the evolution of new functions in duplicated genes. Divergent resolution occurs when different copies of a duplicated gene are lost in geographically separated populations and could genetically isolate these populations, should they become reunited (reviewed in Taylor et al., 2001b;  Fig. 3) . Therefore, large-scale gene duplications and rapid speciation of organisms might be correlated. In this respect, it is noteworthy that also in plant evolution there is a strong indication for a polyploidy event that seems to coincide with a massive diversification of novel plant families (Raes et al., this issue; Y. Van de Peer, unpublished data) . Figure 3 . Speciation through genome duplication and divergent resolution. Natural selection will favour speciation over hybridization in populations fixed for different copies of a duplicated locus. Red bars represent a locus that is duplicated (along with all other loci) during a tetraploidy event. In this hypothetical example, dip loidization is driven by a reciprocal translocation depicted by a change in chromatid colour. Pufferfish (left) and zebrafish (right) are shown as examples of the descendants of the two populations. If individuals from such populations mate, their 'hybrid' progeny would be heterozygous, possessing a functional allele and a pseudogene at each locus of the duplicated gene. Crosses between the F1 individuals produce some (about 6%) F2 individuals with only pseudogenes at both loci in question, and therefore lacking viability and/or fertility. Others would receive between one allele, which might lead to reduced function when the gene product from one functional allele is inadequate to support normal function (haploinsufficiency), to three or four functional alleles, which might have a negative dosage effect. All these might lead to postmating reproductive isolation (Lynch and Force, 2000b) . Reprinted (and slightly adapted) from Trends in Genetics 17, pp. 299-301, © 2000, 'Genome duplication, divergent resolution, and speciation' by John S. Taylor, Yves Van de Peer, and Axel Meyer, with permission from Elsevier Science.
